Functional connectivity
The effect of scan length on the reliability of resting-state fMRI 
26
There has been an increasing use of functional magnetic resonance imaging (fMRI) by the neuroscience com-27 munity to examine differences in functional connectivity between normal control groups and populations of 28 interest. Understanding the reliability of these functional connections is essential to the study of neurological 29 development and degenerate neuropathological conditions. To date, most research assessing the reliability 30 with which resting-state functional connectivity characterizes the brain's functional networks has been on 31 scans between 3 and 11 min in length. In our present study, we examine the test-retest reliability and sim-32 ilarity of resting-state functional connectivity for scans ranging in length from 3 to 27 min as well as for time 33 series acquired during the same length of time but excluding half the time points via sampling every second 34 image. Our results show that reliability and similarity can be greatly improved by increasing the scan lengths 35 from 5 min up to 13 min, and that both the increase in the number of volumes as well as the increase in the 36 length of time over which these volumes was acquired drove this increase in reliability. This improvement in 37 reliability due to scan length is much greater for scans acquired during the same session. Gains in intersession 38 reliability began to diminish after 9-12 min, while improvements in intrasession reliability plateaued around ronal firing and unconstrained mental activity (e.g., mind wandering) 52 (Biswal et al., 1995; Fox and Raichle, 2007; Mason et al., 2007) . The Meier et al., 2012) . In large part due to these benefits,
60
there has been a dramatic increase in the number of studies collecting 61 resting-state fMRI data in recent years.
62
One method of analyzing resting-state fMRI data in order to obtain 63 estimates of functional connectivity is to compute the correlation of 64 the mean signal over an ROI with the signal intensity time-course of 65 every other voxel in the brain (Biswal et al., 1995) . While previous stud-66 ies have shown the primary anatomical relationships in resting-state 67 networks (also referred to as intrinsic connectivity networks, or ICNs) 68 to be similar in scans of healthy individuals (Fox et al., 2005) , other stud-69 ies have shown that cognition, emotional state, and resting condition 70 could influence the consistency with which resting-state fMRI measures
71
ICNs (Harrison et al., 2008; McAvoy et al., 2008; Yan et al., 2009 (Birn, 2012; Power et al., 2012; Weissenbacher 77 et al., 2009) .
78
An important practical question, given these various sources of 79 noise, is how much data to acquire. Most current studies using rs-fcMRI
acquire 5-7 min of resting-state fMRI data. This duration is based on ear-81 lier studies showing that the strength of functional connectivity is stable 82 from this amount of data (Van Dijk et al., 2010) . In addition, recent test-83 retest rs-fcMRI studies have examined the reliability of functional con-84 nectivity for scans between 3 and 11 min in length (Braun et al., 2012; 85 Li et al., 2012; Shehzad et al., 2009; Thomason et al., 2011) . However, a re-86 cent study by Anderson et al. showed that 12-20 min of resting-state 87 fMRI data are required in order to accurately distinguish the functional 88 connectivity of one individual from a group of subjects using an automat-89 ed machine-learning classifier (Anderson et al., 2011) eyes open, or eyes fixated on a cross, for a total of nine scans per subject.
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Two of these sets were acquired within the same imaging session while 105 the final set was acquired two to three months later (Fig. 1) (Cox, 1996; Glover et al., 2000; Saad et al., 2009 ).
125
Automated segmentation (FSL's FAST) of the T1-weighted structural 126 image was used to define masks of the WM and CSF (Smith et al., 127 2004; Woolrich et al., 2009; Zhang et al., 2001 ). The two signal intensity parameters (Friston et al., 1996; Weissenbacher et al., 2009 3, 6, 9, 12, 15, 18, 21, 24 , and 27 min for each 151 ROI respectively (Fig. 2) . For each of these lengths, a connectivity matrix 152 was generated by computing the correlation coefficients (via linear re- 
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In order to evaluate whether the observed improvements in reli-172 ability for longer scan lengths were solely due to the greater number 173 of acquired images, connectivity matrices were also generated from The collection of nine 10-minute resting-state fMRI scans with three different resting conditions, the order of which was counterbalanced across both subjects and sessions, for a single subject.
A schematic of the creation of scan lengths from the three resting conditions. Specifically, an example is given for the computation of functional connectivity between the left and right motor cortices for a scan length of 12 min. This process would be repeated for each of the different scan lengths.
was included in the regression analysis. These matrices are denoted time points i and j was calculated as follows (Jones et al., 2010; 204 Kennedy and Courchesne, 2008; Meier et al., 2012) : ject mean squares and MSw is the within subject mean squares (Shrout 223 and Fleiss, 1979):
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When the between subject variance is much greater than the 227 within subject variance, the ICC is close to 1 and connection strength 228 as measured by fMRI scans would be considered reliable.
229
Differences between functional connections
230
The root-mean-square deviation (RMSD) measures the mean differ- 
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Similarity of "connected" functional connections
240
The Dice coefficient (DC) measures the similarity between sets 241 ranging from 0 to 1, where 0 indicates Q9 that the sets are disjoint and 242 1 indicates that the sets are identical (Dice, 1945; Sørensen, 1948) .
243
In functional MRI, the DC has been used to assess the commonality 244 of connectivity values from different scans of the same individual 245 that survive a given threshold, z t (Craddock et al., 2012) . Define the 246 function, which transforms an element x into zero or one, as follows:
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Then the intrasession and intersession DCs can be calculated for 250 each subject using the following equation, where A is a subject 251 multi-scan connectivity matrix, j and k are different fMRI data sets
252
(columns), and m is the total number of connections (rows) in each
254 255 256
In our study, we used two different thresholds in our calculation of RMSDs for a subset of network connections whose mean Q10 Fisher's Z (Table 1) . When only significant within network connections 299 are considered, the intrasession reliability still increases significantly 300 with longer scan lengths, while the intersession reliability shows 301 smaller improvements (Fig. 3B ). This improvement in intrasession 
Similarity of functional connectivity networks

330
We first examined the DCs with a constant threshold, |z| > 0.3, 331 for each scan length (Fig. 3E) . Despite the number of connections 332 with |z| > 0.3 decreasing slightly with scan length (Fig. 5A) , the 333 intrasession and intersession DCs still significantly increased (Table 1) . (Table 1) , Fig. 4 . The intrasession and intersession ICCs, RMSDs, and DCs are shown for the scan lengths of 3, 6, 12, and 24 min as well as scan lengths of 6, 12, and 24 min with half the number of time points obtained by sampling every second time point. The numerator indicates the amount of time (in minutes) necessary to acquire the number of time points (NT) that were taken from the total imaging duration (in minutes) given by the denominator. Bars represent means across the specified group of connections (ICC) or subjects (RMSD and DC), and error bars are the standard deviations. The * denotes a Bonferroni-corrected p-value. Note that the time series used in the computation of FC for this comparison were not temporally filtered. a constant threshold and a threshold based on significance (Table 2 ).
353
The number of volume effect on DCs trends toward significance. is an interesting and important topic for future study.
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A recent study by Kalcher et al. (2012) for longer duration scans, which would be consistent with our findings.
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The ICCs improved when only significant network connections 412 were considered. In contrast, the RMSD was lower (better) when all 413 connections were considered (Fig. 4) posed of three 1-minute runs that occurred over a time span of at least 
21 min. However, the reliability and similarity of various contiguous 446 data durations showed a similar behavior ( Supplementary Figs. 3, 4) .
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A second limitation to our study was that in order to preserve the 
